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Introduction
The expansion of China's power sector raises worldwide concerns due to its significant role in global greenhouse gas (GHG) emissions. In 2011, China's power sector produced about 3981 million tons of CO2 equivalent (MtCO2e), accounting for almost 50% of China's and about 13% of the worldwide emissions from fuel, respectively (IEA, 2013). China's booming power generating capacity -950 gigawatt (GW) in 2010, and expected to hit 1760 GW by 2020, still can't keep up with its rapidly increasing electricity demand (Reuters, 2011) . Given the rapid expansion of the power sector in China, problems might be further exacerbated in the future.
To reverse this trend, China has made great efforts to reduce its energy intensity by 19.1% during the 11 th Five-Year Plan (FYP) from 2006 to 2010 (NDRC, 2011) . New targets for reducing its energy intensity and carbon intensity by 16% and 17% relative to its 2010 levels by 2015 were set in the 12 th FYP (2011-2015), respectively (Zhang, 2011) Given this background, one question we are interested in is whether a large power enterprise has greater energy-saving potential and associated CO2 abatement potential than a smaller enterprise. The existing literature does not provide a clear linkage between firm size and energy (in)efficiency. On the one hand, large firms can benefit from economies of scale and the formalization of procedures, which allow them to gain superior performance relative to smaller ones. On the other hand, large firms might be characterized by complex hierarchical management structures, failure to minimize production costs and lack of competition, which lead to Xinefficiency (Leibenstein, 1975) . Empirical studies are also equivocal. For example, some studies support a positive relationship between efficiency and firm size (Kalaitzandonakes et al., 1992;  Lundvall and Battese, 2000; Pagano and Schivardi, 2003) . Contrarily, Page (1984) finds little 1 These nine sectors include: iron and steel, chemical, electricity power generation, petroleum, construction materials, non-ferrous metals, coal mining, paper, textile evidence of a systematic relationship between firm size and efficiency. Majumdar (1997) offers the opposite evidence and finds larger firms to be less productive than small ones.
As for ownership, the debate on relative efficiency of public versus private enterprises also has a long history in economics. The property rights view suggests that publicly owned enterprises perform less efficient than privately owned enterprises since the public ownership attenuates property rights and reduces the manager's incentive to minimize costs. Consequently, stateowned enterprises (SOE) perform less efficiently and hence have a higher abatement potential than private firms. However, the existing empirical evidence provides weak support for this hypothesis. For example, Atkinson and Halvorsen (1986) find no significant difference between publicly and privately owned electric utilities in the U.S.
Given the crucial role that the power sector plays in climate change mitigation and the debates on current practices, several important questions naturally arise: How large are coal-fired power enterprises' reduction potential of energy usage and associated CO2 emission in China? Are these potentials associated with enterprise scale and ownership? This paper attempts to respond to these questions by analyzing data from coal-fired power enterprises in China's Zhejiang province of the years 2004 and 2008. Since the energy-saving regulation for these enterprises was implemented in 2006, this unique firm-level data also provides an opportunity to examine whether the energy reduction potential and its associated CO2 abatement potential changed.
The non-parametric approach of data envelopment analysis (DEA) has been widely used in the literature. A key advantage of DEA over other approaches is that it does not need a specific preassumed functional form and can easily accommodate both multiple inputs and multiple outputs.
This technique has been applied to evaluate, e.g., the relative energy and environmental efficiency of U.S. power plants (Färe et al., 1989; Färe et al., 2007; Pasurka, 2006; Tyteca, 1997) . Apart from these previous studies, this paper applies the non-radial Weighted Russell directional distance function approach to measure the energy-saving potential index and CO2 emission-abatement potential index for coal-fired power enterprises in 2004 and 2008. This (Zhang et al., 2013) . One advantage of this methodology is that it provides the specificfactor efficiency (such as energy efficiency and CO2 emission efficiency) in addition to the overall efficiency score in the radial directional distance function (DDF) model (Sueyoshi and Goto, 2011) . Moreover, it can avoid the overestimation the efficiency value as it takes account the nonzero slacks, which are ignored in the radial DDF model (Fukuyama and Weber, 2010) 2 .
To our knowledge the current paper is the first micro-level study using this innovative methodological approach to assess the energy-saving potential and CO2 abatement potential in China. Our results suggest that the top-1000 enterprise program, which started in 2006, significantly affected the performance of large and SOE power enterprises. These enterprises become more efficient in terms of energy utilization and CO2 emissions when compared to small and non-SOE enterprises, respectively. As smaller-size and non-SOE enterprises are associated with higher potentials for energy savings and CO2 emission reductions, energy conservation programs might change their scope accordingly.
The remainder of this paper is organized as follows. Section 2 introduces Zhejiang's power sector. Section 3 presents the methodology and data. In section 4, we derive and discuss the results. Finally, we present conclusions and draw some policy implications.
Description of Zhejiang's Power Sector
We select Zhejiang province as our sample region. It has a developed economy characterized by high energy demand and high productivity. With a population of 51.8 million it is situated in the Yangtze River Delta. In 2009, Zhejiang ranked 4 th in terms of per capita GDP among 31
Chinese provinces, accounting for 6.8% of national GDP and 11.1% of China's exports (NBS, 2010). However, like most of the other provinces, it suffers from serious shortages of energy due 2 Zhou et al. (2012a) present a formal definition of the non-radial directional distance function to modeling energy and CO2 emission performance in the electric power sector. The non-radial models fall into three categories: Russell measure, Additive model and Slacks-based model (SBM). In general, the non-radial efficiency measures have a higher discriminating power relative to the standard formulation of DEA-based models. However, the setting of a weight vector w may depend on the purpose of the research. More discussion and a comparison for these models can be found in Barros et al. (2012) to its rapid industrialization and increased urbanization. The maximum power supply capacity shortages in Zhejiang were estimated at around 3.6 GW during the summer of 2010 when the local grid operator had to cut the power supply to energy-intensive sectors (Reuters, 2010) .
Driven by market opportunities, substantial investments have flowed to the construction of power generation projects. Figure 1 Table 1 lists the energy intensity of thermal power generation in China and Zhejiang province.
Energy consumption in Zhejiang's thermal power enterprises to generate one kWh is noticeably less than the national average level. However, if we compare it to the international advanced level, the thermal power enterprises in Zhejiang province still have 6.7-11.5% improvement potential in energy efficiency. Zhejiang seems to be a particularly interesting region to study the performance of coal-fired power plants in China. Our estimated result for energy-saving and emission-abatement potentials in Zhejiang will provide a valuable reference for China's situation.
Methodology and Data

The Analytical Framework
Our analytical framework is based on a directional distance function combined with a nonparametric DEA approach. We consider a productive process that uses a vector of inputs 
Apart from the standard convex and compact assumptions, the output set (1) satisfies free disposability of good outputs, that is:
it is possible to reduce good output without reducing bad output. Also, the input is freely
. Furthermore, we assume that bad outputs and good outputs satisfy joint weak disposability: ( , )
disposability implies that it is feasible to reduce both good and bad output proportionally by θ.
The idea is to make sure that it is 'costly' to reduce bad output 3 . Finally, good and bad outputs are assumed to satisfy the null-jointness or byproduct axiom, that is:
then y    , which implies that good output cannot be produced without producing bad output. In other words, bad output is jointly produced with good output.
The general directional output distance function can be defined as follows:
The direction vector g= (gx , gy , gb)(
indicates that we intend to expand the good output and contract both the input and the bad output. Its components gx , gy and gb determine the direction for input, good and bad outputs, respectively. Given the production technology P(x) and the direction vector g, the directional distance function aims at the maximum feasible expansion of good outputs and contraction of input and bad outputs along the direction vector gy , gb and gx. The value of β is the distance between the observation and the boundary. If one observation lies on the frontier, it is the most efficient observation compared with others and yields a zero value of β. As the value β increase, the observation becomes less efficient.
Since our focus is the specific-factor inefficiency (such as the energy-saving potential and the CO2-abatement potential) rather than the overall inefficiency, we apply the weighted Russell 
where z k are the intensity variables that weight the observations to construct the production set. The left-hand and right-hand sides for constraints (i)-(iii) for model (3) 
Similarly, we introduce the CO2 Abatement Potential Index (CAPI) as the ratio of maximum feasible reduction volume to its actual emission level . That is:
CAPI in equation (6) is used to measures the relative degree of CO2 reduction for plant k'. It has a non-negative value and is not higher than 1. A zero value of CAPI indicates that the firm performs best in terms of emission. Conversely, a higher value indicates greater inefficiency and larger potential to remove excessive undesirable outputs.
Also, the k'-th firm's total-factor CO2 efficiency (TFCE) is given as below, that is:
Data
The novel data set used in this study is taken from the First and Second National Economic Table 3 . From Table 3 a rough first impression is that the average sample enterprise in 2008 doubled its capital input in order to double its electricity and CO2 production compared to 2004. However, energy consumption increases by less and labor input even decreases.
The study sample provides a rather representative picture. In 2004, the 106 sample power enterprises consumed 32.7 million tce, about 30% of total energy in Zhejiang to generate 83.9
TWh electricity, which accounts for 68.2% of total generation. Compared with 2004, the number of power enterprise in the 2008 sample decreased to 76. But they accounted for an even higher share of total generation (68.5%) and a slightly smaller share in energy consumption (26.4%). 7 Some of the power enterprises may have more than one plant. However, this information is unavailable in NECC 2004 and 
Empirical Results
The GAMS/MINOS solver was employed to estimate the WRDDM in equation (3). We first report ESPI and CAPI according to equation (4) and (6), respectively. Thereafter we conduct statistical tests.
Measure ESPI and CAPI
The left vertical axis in Figure 2 shows the projected minimum energy input and excess In Table 5 , we compare our results with previous studies. The results differ depending on the samples, the model assumptions, the setting of the direction vector, as well as the selection of input and output variables. To make these results comparable, we concentrate on the partial technical efficiency of good/bad output. Our estimation of partial technical efficiency is close to Yang and Pollitt (2010)'s result who use similar data but a different model, but higher than that of (Zhou et al., 2012a) who use a similar model but with nation level data. Our result is lower than other studies which may occur due to two reasons: First, the number of input/output variables can affect the frontier estimation. A higher number of inputs and outputs in other studies will increase the number of constraints in the LP problem. This change leads to more observations being on the frontier and a relatively higher score of technical efficiency. Second, the choice between a constant or variable returns to scale can alter the result. In case of a variable returns-to-scale production technology more observations lie on the frontier. This lead to a relatively lower inefficiency value 10 . [1] : Yang and Pollitt (2010) analyze three scenarios for weak and free disposability among SO2, NOx and CO2. In the case of weak disposability and free disposability among all these pollutants, the TE is 0.881 and 0.803, respectively. If only CO2 is weakly disposable, the value of TE is 0.853.
ESPI, CAPI and enterprise characteristics
To classify the enterprise size, we follow the criteria of the National Top-1000 enterprises program and define a coal-fired power enterprise as large if its annual energy consumption exceeds 180000 tce 11 . Figure 6 Next we would like to examine whether the type of ownership of power enterprises implies a significant difference in energy utilization and CO2 emissions. We divide our sample into two groups: SOE (state-owned enterprises) and non-SOE 12 . The plot of ESPI and CAPI by ownership is displayed in Figure 7 . We note that in 2004 the SOE group holds a similar median value of Based on the test statistics shown in Table 6 , we can reject the null hypothesis that ESPI and China which started in late 1978 adopt a policy of "grasping the large and releasing the small" (Qian, 2002) . This strategy enables the privatization and sale of small or non-profitable SOEs. In contrast, those remaining SOEs in the power generation sector are highly competitive. Moreover, as Tyteca (1996) argued, privately owned enterprises are most likely efficient in production, but presumably not as efficient as SOE from an environmental perspective due to the absence of internal environmental motivation. State-owned coal-fired power enterprises are more likely to be regulated by the government to meet the soaring electricity demand and achieve more strict environmental targets. Consequently, SOE readily intend to equip with larger generating units and desulfurization equipment under strict energy or environmental standard. Hence they perform better in both energy utilization and environment aspects.
Conclusion
To investigate whether a large SOE is associated with higher energy-saving potential and CO2 abatement potential in China's power sector, we employ a Weighted Russell Directional Distance Function. This non-parametric non-radial DEA approach enables us to model bad output within an environmental production framework. The major strength of WRDDF is that it allows for nonproportionally adjustments of inputs and outputs. It thus makes it possible to investigate specific factor's inefficiency levels. This innovative methodology is applied to a unique sample of Chinese coal-fired power enterprises located in the Zhejiang province in the years 2004 and 2008.
Each power enterprise is assumed to produce electricity and CO2 with labor, capital and energy input. By comparing with the target reference on the piecewise frontier under the DEA technology, the maximum feasible energy-saving potential index (ESPI) and CO2 emissionabatement potential index (CAPI) for each power enterprise is estimated. Moreover, we perform statistical tests and find that large power enterprises are less efficient in 2004, but become more efficient in 2008 than small power enterprises in terms of energy utilization and CO2 emission. We found that about 15.5% of energy (5.04 Mtce) and an associated 22.6% of CO2 (20.52 MtCO2) could be reduced if all enterprises would have performed efficiently in 2004. The energy-saving potential and emission reduction potential for power enterprise in 2008 decreased to 1.71 Mtce and 4.73 MtCO2, respectively. This change on the one hand highlights the urgency for China's coal-fired power enterprises to eliminate their inefficient production and emission levels (Yang and Pollitt, 2010) . On the other hand, it confirmed the impact of the national energy-saving and emission-abatement strategy implemented since 2006 on the performance of enterprises. However, it also indicates that it is getting more and more difficult to further reduce the energy use and emission levels through efficiency improvements.
The measurement and analysis of the energy-saving potential and CO2 abatement potential index provide decision makers with important information to design environmental regulation and assess its potential impact. If energy and climate policies are not market-based (like in general superior energy/climate taxes or emissions trading schemes), but rather based on command and control approaches, these indices help policy makers to set regulations based on enterprise characteristics, to identify enterprises with more capacity to save energy and cut inefficient emissions, and to allocate proper energy-saving and emission-reduction targets. Actually some provinces, i.e., Guangdong in the 11 th FYP, had designed a similar top-1000 program and extended the program to a wider scope of enterprise. Also the central government formulated in the 12 th FYP another "Top-10,000 Enterprise Energy Conservation Action", which can be seen as a ramp up of the "Top-1000 program". It will cover around 17,000 enterprises with annual energy consumption excess 5,000 tce. Nevertheless, policy implications have to be drawn very cautiously as our study faces important limitations. For example, the lack of information on generators and boilers prevents us from examining the effect of technology differences on abatement potentials which might play an important role.
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